In aquatic environments, uninjured prey escaping a predator release chemical disturbance cues into the water. However, it is unknown whether these cues are a simple physiological by-product of increased activity or whether they represent a social signal that is under some control by the sender. Here, we exposed wood frog tadpoles (Lithobates sylvaticus) to either a high or low background risk environment and tested their responses to disturbance cues (or control cues) produced by tadpoles from high-risk or low-risk backgrounds. We found an interaction between risk levels associated with the cue donor and cue recipient. While disturbance cues from low-risk donors did not elicit an antipredator response in low-risk receivers, they did in high-risk receivers. In addition, disturbance cues from high-risk donors elicited a marked antipredator response in both low-and high-risk receivers. The response of high-risk receivers to disturbance cues from high-risk donors was commensurate with other treatments, indicating an all-or-nothing response. Our study provides evidence of differential production and perception of social cues and provides insights into their function and evolution in aquatic vertebrates. Given the widespread nature of disturbance cues in aquatic prey, there may exist a social signalling system that remains virtually unexplored by ecologists.
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Introduction
Group-living animals can perceive many social cues that represent an important source of information regarding their environment's potential dangers [1] [2] [3] . For instance, prey can rapidly learn threats that are present in their environment simply by observing and copying the behaviour of others [4 -6] . Social learning about predators occurs via a number of modalities such as visual, chemical and acoustic/tactile components of nearby conspecifics' behaviour [6] [7] [8] . According to the 'sensory complementation' hypothesis [9] , environmental predation risk should be best approximated from as many modalities and sources as possible. When social cues indicating risk disagree with personal experience, social cues have been shown to override personal experience, resulting in individuals learning to avoid a stimulus that they had previously learned to ignore [7, 10, 11] . Indeed, the 'costly information hypothesis' predicts that the reliance on social information may be bolstered when the costs of obtaining further information through direct experience are high [12] . For instance, prey from high-risk environments may rely more on social information from conspecifics than prey from relatively lower risk environments [13] .
In aquatic systems, disturbance cues are thought to be metabolite byproducts, and are released by uninjured conspecifics that are startled and/or chased by predators [14 -17] . These disturbance cues, like damage-released & 2017 The Author(s) Published by the Royal Society. All rights reserved.
alarm cues [15, 17, 18] , elicit a wide array of antipredator behaviours, including reduced activity and foraging [17 -22] , and produce a physiological stress response in some fish [23, 24] . Such cues have been reported in a number of vertebrate and invertebrate species in response to a simulated predator chase or other disturbing stimuli (table 1) . While the exact chemical nature and mechanism of release of disturbance cues remain unknown, a key component appears to include a pulse of nitrogenous waste, such as ammonium/ammonia in invertebrates and tadpoles [20, 39, 40] , and urea in teleost fish [31, 41] , but not exogenous cortisol [24, 28] . Given the high nitrogen content of amphibian and fish urine, some authors have proposed that disturbance cues are released via pulsate urination and/or emitted from the gills in fish [14, 20, 42, 43] . As a corollary to this, Smith [44] demonstrated that an individual's supply of disturbance cues is finite and can be depleted.
Chemical cues such as disturbance cues have the potential to act as a social cue and signal predation risk to nearby conspecifics [43, 45] . While social cues involve inadvertent information exchanges, signals are deliberate and thus imply an evolutionary origin through previous selection on the signaller, if not both the signaller and receiver [46] [47] [48] . Alarm cues are released by conspecifics as a by-product of at least a partially successful predation event and thought to indicate credible risk, but are unlikely to be a true signal [15, 16, 49] , whereas disturbance cues may have evolved to deliberately alert conspecifics to predation risk. For instance, fish can modify their urine production in different social contexts. Increased frequency of urination pulses is known to mediate male-male competition and aggressive displays, advertising body size to competitors and potential mates in tilapia and cichlids [50 -52] . If urination of ammonia or urea is involved in the production of disturbance cues, then urine pulses could be used to actively signal predation risk to nearby conspecifics. Such signalling could increase shoal cohesion and thus prey survival when encountering predators [19, 53, 54] . Indeed, disturbance cues can increase the survival of naive prey when present alongside the odour of a novel predator [36] . However, disturbance cues may not always indicate predation risk, and, as a result, generally elicit a weaker antipredator response relative to alarm cues [18, 21, 36, 55] . Prey are known to scale their antipredator responses according to the relative risk a cue represents, with higher cue quantity and/or quality indicating higher risk [56, 57] . In the case of disturbance cues, prey scale their antipredator responses according to the number of cue emitters and the concentration of cue detected [30] .
Previous experience with risk can dramatically influence the way prey perceive subsequent social and predation cues. Repeated exposure to stimuli indicating predation risksuch as alarm cues and the visual sight of a predator-are known to elicit a 'high-risk phenotype' [58] [59] [60] . These highrisk prey have altered stress reactivity, physiology, cognition and behaviour [60] [61] [62] [63] [64] [65] . For example, high-risk prey exhibit antipredator responses to novel stimuli (i.e. neophobia) [60, 61, 66, 67] , irrespective of sensory modality [58, 68] .
To explore how recent experience with risk affects both the production and response to disturbance cues, we tested the response of wood frog tadpoles (Lithobates sylvaticus) from high-and low-risk backgrounds (the receivers) to disturbance cues from high-and low-risk tadpoles (the donors). Wood frog tadpoles are an ideal prey species for this study given the extensive knowledge of their life history, ecology and behaviour, and because they are known to use social cues to learn about their food and predators [69, 70] . Tadpoles probably scale their responses according to the cumulative risk perceived in the environment, rely more on social information when personal experience about predation risk is costly to obtain (which it so often is), and meld multiple sources of information (e.g. disturbance cues Â alarm cues) when assessing risk. Therefore, we predict that high-risk receivers cannot afford to ignore disturbance cues relative to low-risk receivers (i.e. high-risk receivers will have a lower threshold of response). Finally, if high-risk individuals produce more disturbance cues than low-risk individuals when exposed to the same stimuli, receivers should respond more to high-risk disturbance cues relative to low-risk disturbance cues.
Methods (a) Study species
Approximately 650 wood frog tadpoles were collected from ephemeral ponds in central Saskatchewan in May 2016. The habitat contained no fish predators, but tadpoles were experienced with invertebrate, salamander and avian predators. Prior to the start of experiments, tadpoles were stored in eight 50 l outdoor pools (approx. 80 -100 tadpoles/pool) and covered with mesh to prevent avian predation. Tadpoles fed on naturally growing algae in their pools in addition to 2-3 Wardley algal discs (Hartz Mountain Co., Secaucus, NJ) per day. A 10% water change of the outdoor pools occurred every 2 days. Another 50 l pool was used as a consistent water source for all water changes and cues, and is herein referred to as 'filtered water', being refilled daily with chlorine-filtered water. The filtered water pool was seeded with plankton and natural wetland vegetation, thus ensuring the presence of natural odours but not predator odours [64, 70] . For background risk preconditioning, tadpoles were divided into 30 groups of 10 individuals per 3.7 l plastic pail filled with 1.5 l of filtered water.
(b) Background risk and cue preparation
To establish the two risk regimes, larval tadpoles were conditioned to either low or high background risk via repeated exposures to either control water or conspecific alarm cue, respectively [61] . Background risk exposures occurred 3Â/day for 5 days (15 exposures total). Exposures took place from 10.00 to 17.00, with at least 1.5 h between exposures. Alarm cues were prepared according to well-established methods [70, 71] , yielding a concentration of 0.075 tadpoles ml 21 (1.5 tadpoles per 20 ml injection), similar to previous studies and known to elicit high-risk background phenotypes in tadpoles [57, 61] (University of Saskatchewan Animal User Protocol #20160014; see electronic supplementary material, S1 for more detail). Injections involved slowly introducing 20 ml of either filtered water (low-risk treatment) or alarm cues (high-risk treatment) into the 1.5 l pails. Each pail underwent a 100% water change 1 h after the last conditioning event of the day.
Disturbance cues were prepared following methods outlined by Gonzalo et al. [21] . To control for the potential effect of familiarity, we selected 8 single tadpoles at random from 8 independent high-risk pails to obtain high-risk cues, and the same was done for low-risk pails. These two tadpole groups were then briefly rinsed with filtered water and added to 0.5 l plastic cups filled with 320 ml of filtered water (i.e. 0.025 tadpoles ml 21 , similar to 0.05 tadpoles ml 21 in Gonzalo et al. [21] , who used a larger test tank volume, 0.5 l versus 3 l).
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Tadpoles were left to acclimatize for 1 h prior to cue collection, then underwent an approximately 80% water change and left undisturbed for another 10 min, upon which time the undisturbed cue was taken by drawing 60 ml of water from the cup and exchanging it with 60 ml of fresh filtered water (see electronic supplementary material S1 for further details). We then extracted disturbance cues by simulating predator chases using two identical glass rods with black plastic ends for 1 min. To standardize disturbance, we moved the glass rod in both the low-risk and high-risk cups simultaneously, mirroring all movements and taking care to avoid physical contact with tadpoles. Both groups were then left alone for another minute to ensure tadpoles had enough time to produce disturbance cues prior to collection, which was done following the same methodology used for undisturbed cues [21] . Each tadpole was used only once for cue production and subsequently removed from the experiment (they were not tested as receivers). The cues were produced as needed and used within 2 h of being produced.
(c) Testing protocol
Tadpoles were tested 1 day following the end of their risk conditioning period (see electronic supplementary material S2 for a diagram of the experiment). Gosner [72] stage 25 tadpoles were allocated individually to 0.5 l plastic cups filled with approximately 0.4 l of filtered water and allowed to acclimate !1 h prior to testing. Change in activity was assessed using the number of times the tadpole crossed the medial line of the cup from pre-to post-cue exposure [21, 71] . Tadpoles were only tested if !8 lines were crossed within the first 4 min of observation ( pre-exposure period), otherwise tadpoles were not exposed to any cues until they began actively moving again. After the 4 min pre-exposure period, 5 ml of high-risk undisturbed cues, high-risk disturbance cues, low-risk undisturbed cues or low-risk disturbance cues were slowly dripped into each cup, and tadpoles were then observed for 4 min postexposure to assess the relative change in activity caused by cue injection. The order of treatments was randomized and the observer was blind to the treatments.
(d) Statistical analysis
We tested the relative change in tadpole line crosses using a 4-way repeated-measures analysis of variance (R-M ANOVA) testing the effect of cue donor risk (low versus high), receiver risk (low versus high) and cue type (undisturbed cue versus disturbance cue) as between-subject factors, and exposure period ( pre-versus post-stimulus) as the within-subjects factor. No outliers were removed from the dataset as all ANOVA assumptions were satisfied. Normality was assessed through a quantilequantile plot of residuals and all groups were homoscedastic (Levene's F 15,516 ¼ 1.1, p ¼ 0.40). All tests were two-tailed and we report p-values from Pillai's trace, as this conservative method reduces the likelihood of committing a Type I error. We used a ¼ 0.05 to assess overall model significance and employed the Bonferroni correction (a 0 ¼ a/k) for multiple post hoc tests when the analysis was rerun at lower factor levels in order to investigate significant interactions. Statistical analysis was conducted in R v. 3.2.3 [73] using the afex package [74] and results plotted using the ggplot2 package [75] . figure 1) . However, when we looked at the responses of tadpoles to disturbance cues, we found a significant 3-way interaction between time, donor risk and receiver risk (solid lines in figure 1, F 1,129 ¼ 8.6 , a 0 ¼ 0.017, p ¼ 0.004), indicating that the relative change in activity was different for some combinations of cue-donor and receiver-risk levels. This interaction stemmed from the fact that low-risk tadpoles did not alter their behaviour in response to low-risk disturbance cues (figure 1a; t 32 ¼ 0.93, a 0 ¼ 0.01, p ¼ 0.36), but showed a marked antipredator response when exposed to disturbance cues from high-risk conspecifics (figure 1b; t 32 ¼ 6.7, a 0 ¼ 0.01, p , 0.001). The low-risk receiver response pattern differs from that of high-risk receivers who responded to disturbance cues from both low-risk tadpoles (figure 1c; t 32 ¼ 4.6, a 0 ¼ 0.01, p , 0.001) and high-risk tadpoles (figure 1d; 
Discussion (a) Differential production and response to disturbance cues
Disturbance cues from high-risk wood frog donors prompted more of a response in low-risk receivers relative to disturbance cues from low-risk donors given to the same group of receivers (low-risk). This means that high-risk donors may produce disturbance cues of increased quantity or quality, and/or different, more potent chemical cues relative to low-risk donors. The latter is unlikely over the short term, given that the time required to respond to a pursuing predator is too rapid for major biochemical or physiological changes in nitrogen excretion of most anurans [76] . However, altered foraging patterns of highrisk individuals, and thus diet and gut morphology [77] , could presumably affect the biochemical composition of disturbance cues produced by each group. While the activity of tadpoles during the simulated disturbance chase was not explicitly recorded in this study, there were no apparent differences in the escape responses of low-and high-risk donors to the same physical disturbance used to obtain disturbance cues. However, high-risk donors may produce more disturbance cues due to differences in their stress physiology relative to low-risk donors. For example, individuals from high-risk environments appear more reactive to some stressors and exhibit increased physiological stress responses [63, 78, 79] . Finally, an increased output of disturbance cues given previous risk experience is predicted if disturbance cues act as a conspecific signal of predation risk and are voluntarily produced in response to risk. High-risk receivers responded more than low-risk receivers to the same disturbance cues produced by low-risk donors, probably due to a lowered minimum behavioural response threshold, as observed in some fish [80, 81] . Therefore, tadpole antipredator responses probably depend on knowledge of predation risk and the quantity of disturbance cue perceived, as affected by the number of cue donors and the concentration of disturbance cues in solution [30, 61] . Indeed, while disturbance cues are relatively less reliable in terms of predicting risk compared with alarm cues [15, 18] , disturbance cues in high-risk environments are more likely to indicate credible predation risk.
(b) All-or-nothing response and risk allocation
We observed no difference in the magnitude of the antipredator responses to disturbance cues ( figure 1b-d) , indicating an all-or-nothing threshold response strategy to disturbance cues. This is in contrast to predictions of the risk allocation hypothesis [82] , suggesting that individuals experiencing high levels of unpredictable predation risk have to spend more time being vigilant rather than foraging, and thus, paradoxically, predicting that prey experiencing relatively higher background risk levels are expected to show a weaker or impaired response towards predators and ignore predation risk, as a consequence of increased energetic constraints relative to their low-risk counterparts (reviewed in [83, 84] ). Our study exposed prey to unpredictable predation cues indicating risk for five consecutive days, yet we failed to find any difference in the intensity of antipredator response from high-and low-risk receivers to high-risk donor disturbance cues. Instead, tadpoles from both risk treatments responded similarly to disturbance cues, or not at all. Indeed, there has been mixed empirical and theoretical support for the risk allocation hypothesis in the literature [83, 85] , but we caution that our study did not explicitly aim to test this hypothesis, and may not be directly comparable with studies testing such. (c) Disturbance cues in other species
Our study confirms that L. sylvaticus tadpoles respond to disturbance cues with reduced activity. Disturbance cues have also been documented in two other anurans: the Iberian green tree frog (Pelophylax perezi) [21] and the red-legged frog (Rana aurora) [20] , in addition to some evidence in the adult poison frog, Ranitomeya variabilis [86] , and many other vertebrates (table 1) . Yet a few studies do not find evidence of disturbance cues eliciting antipredator responses in prey species [24, 87] . A recent study by Abreu et al. [29] suggests that a physical chase is required, while visual stimuli are not sufficient to produce disturbance cues in zebrafish (Danio rerio). It is thus worthwhile for researchers to provoke a metabolic increase through a simulated predator chase. Indeed, from an evolutionary perspective, a prey that is stationary or 'freezing' to avoid a predator is unlikely to voluntarily produce any chemical cue that a predator could potentially detect. Trinidadian guppies (Poecilia reticulata) in high-risk environments reduce their overall frequency of urination and nitrogenous wastes relative to those in low-risk environments, probably to avoid being found by predators [88] . Disturbance cues may be more prevalent in natural populations than previously thought, with an increasing number of studies published in recent years, paving the way for questions of function and evolution [43, 45] .
(d) Function and evolution of disturbance cues
The function of disturbance cues remains a source of debate, as little is known about how disturbance cues mediate social information transmission [45] . Smith [89] originally postulated 16 different hypotheses regarding the evolution of alarm cues and many of these could apply to disturbance cues given their potentially voluntary production in response to-but not as a by-product of-predation [43, 45] . The majority of these hypotheses assume that disturbance cues are actively produced by the emitter as a signal in specific contexts. Signals are defined as molecules that are directly manipulated by the sender in order to modify the behaviour of receivers in a way that benefits the sender [48, 90] . Tactile disturbance cues are known to increase shoal cohesion in fish [68] , and thus chemical disturbance cues may also coordinate group collective behaviours such as closer shoaling/schooling and coordinated group dashing, which improves aquatic prey's chances of survival when encountering a predator [53, 54, 89] . Disturbance cues may ultimately serve to alert familiar individuals, coordinate more compact shoaling among conspecifics [53] and/or contribute to kin selection [43] . While there is some evidence that disturbance cues may be associated with nitrogenous wastes and thus could be controlled via pre-existing excretion systems, no study to date has explicitly tested this idea. Male fish actively urinate in aggressive situations to express dominance and larger body size to subordinates, and advertise these same qualities to females using increased urination [50 -52] . Another potential function of disturbance cues may be to cloak an individual's scent from aquatic predators, given the use of urea by the Gulf toadfish (Opsanus beta) to cloak its scent from nearby predators [91] . However, in the case of tadpoles, the extent of disturbance cues in the form of pulses of ammonia [20, 40] may be limited to simply signalling a predator to nearby conspecifics. In the context of predation in aquatic environments, conspecific chemical cues indicate credible predation risk through damage-released alarm cues and disturbance cues. The results of our study provide strong evidence that the quantity/quality of disturbance cues, as well as the minimum behavioural response thresholds to conspecific disturbance cues, are altered by the perceived level of background risk. We suggest some possible functions of disturbance cues as a putative social signal communicating predation risk to nearby conspecifics. Future research should focus on how familiarity and/or kinship may affect the release of and response to conspecific disturbance cues, the role of disturbance cues in eliciting group collective behaviours such as dashing and closer shoaling/schooling, the chemical composition of disturbance cues, and the extent to which disturbance cues are under sender control in other species in order to determine whether there is a widespread social signalling system that remains virtually unexplored by ecologists. Data accessibility. All data from this manuscript and R script used to conduct the statistical analysis are freely available as electronic supplementary material [92] .
